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Band alignment at the i -ZnOÕCdS interface in Cu „In,Ga…„S,Se…2 thin-film
solar cells
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The interface between thei -ZnO layer and the CdS buffer in Cu~In,Ga!~S,Se)2 thin-film solar cells
from the Shell Solar baseline process has been investigated using ultraviolet- and x-ray
photoelectron spectroscopy and inverse photoemission. Combining both techniques, a direct
determination of the conduction and valence band offsets at the interface is possible. Different from
existing models, we find a flat conduction band alignment~i.e., a conduction band offset of
0.1060.15 eV!, ;0.5 eV above the Fermi level, and a valence band offset of 0.9660.15 eV.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1704877#
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Thin film solar cells based on polycrystallin
Cu~In,Ga!~S,Se)2 ~CIGSSe! have already reached high effi
ciencies, both on a laboratory scale@19.2%~Ref. 1!# as well
as on large areas~13.4% on 3459 cm2).2 They consist of a
multilayer structure, in most cases in the following sequen
front contact/CdS/CIGSSe/Mo/glass. The front contact ha
fulfill competing requirements. Apart from a high conducti
ity for minimizing the resistance in the cell, a large band g
is desired for maximum transparency in the relevant pho
energy range. For CIGSSe solar cells in most cases a
layer structure consisting of intrinsic ZnO (i -ZnO) and
n-doped ZnO is used. It is understood that then-ZnO layer
functions as the transparent and well-conducting front c
tact. In contrast, the beneficial role of thei -ZnO layer is not
understood. Rauet al.3 propose that thei -ZnO reduces the
impact of lateral electronic inhomogeneities, caused by
sorber crystallites with different electronic properties.4 One
of the important parameters for an understanding of
i -ZnO layer is the band alignment at the interface towa
the CdS buffer layer. In particular the conduction band off
is of great interest, becauseelectronsneed to be transporte
from the CIGSSe absorber to the front contact.

Ruckh et al. have used photoelectron spectrosco
~PES! for a determination of the valence band offset~VBO!
with CdS films evaporated onto rf-sputtered polycrystall
ZnO and find a value of 1.2~60.1! eV.5 By using reference
bulk band gaps they deduced a conduction band of
~CBO! of 20.3 ~60.1! eV @a negative CBO means that th
conduction band minimum~CBM! of CdS lies above that o
ZnO#. Similarly, Säuberlichet al. have evaporated CdS ont
a sputteredi -ZnO layer.6 Their values for the VBO scatte
between 0.82~60.1! and 1.2~60.1! eV, depending on the

a!Electronic mail: heske@physik.uni-wuerzburg.de
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conditions during the ZnO preparation. In addition Nguy
et al. found that the position of the Fermi level within th
i -ZnO band gap may also depend on the doping level of
buffer layer.7 We thus conclude that it is important to inve
tigate the real sample structure, i.e., samples which are
close as possible to the industrial process used for cell
duction. Furthermore, our recent experiments have sho
that for the CdS/CIGSSe interface adirect determination of
the conduction band offset using PES and inverse photoe
sion~IPES!, is very important.8,9 It is thus the purpose of this
letter to report on the band alignment at the reali -ZnO/CdS
interface~as used in the Shell Solar base line! by combining
PES and IPES. As will be shown, we find a flat conducti
band alignment and a significant separation of Fermi ene
and CBM in thei -ZnO film.

All samples were taken directly from the Shell Sol
base line process in which the CIGSSe absorber is prep
by rapid thermal annealing of elemental layers on Mo-coa
soda-lime glass in a sulfur-containing atmosphere, as
scribed in Ref. 10 and references therein. Then, a CdS la
is deposited by a standard chemical bath deposition. For
present study,i -ZnO layers of different thickness were the
deposited on the CdS/CIGSSe/Mo/glass structure by ma
tron sputtering. For a determination of the band offsets a
an investigation of the interface formation, two thin laye
~nominal thickness 3 and 5 nm! and a thick layer of 25 nm
were used.

All samples were investigated with ultraviolet PE
~UPS! using He I and II excitation, x-ray PES~XPS! with a
Mg Ka source, and IPES. The PES spectra were meas
with a VG CLAM 4 analyzer. For the IPES experiments,
Cicacci-type electron gun and a Dose-type detector w
SrF2 window and Ar:I2 filling were used. All experiments
were performed in ultrahigh vacuum with a base press
5 © 2004 American Institute of Physics
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below 5310210 mbar. Throughout the experiments, gre
care was taken to detect potential charging effects, but, e
for the thickesti -ZnO film, no such effects could be found

The XPS measurements show a surface contamina
with C and O on all samples as they naturally occur durin
low-cost production process by air exposure. In order to
duce the surface species, all samples were carefully clea
by mild Ar1 ion sputtering. To minimize sputter damage, w
have used very low ion energies~50 eV! and low currents
~;50 nA/cm2) at low incidence angles. It is well known tha
prolonged sputtering of CIGSSe with 500 eV Ar1 leads to
the formation of metallic In and Cu,9,11 but we did not find
any evidence for such effects on CIGSSe, CdS, or ZnO w
using an ion energy of 50 eV. O and C contaminations
contrast, are removed very well by this treatment, as see
the XPS measurements~not shown here!. For the untreated
samples, the valence and conduction band spectra are d
nated by the contamination layer~as seen in spectraa andd
of Fig. 1! which leads to a seemingly increased band gap
the contaminated CdS and ZnO surfaces. To determine
band gap, the valence band maximum~VBM ! and the con-
duction band minimum~CBM! are derived by a linear ex
trapolation of the leading edge in the spectrum~for a justifi-
cation of this procedure see Ref. 12!. After two 15 min
sputter treatments the surface contaminations are compl
removed and the valence and conduction bands of CdS
ZnO show their representative spectral signature~see spectra
b-c ande- f in Fig. 1!. Having thus obtained relevant value
for the VBM and the CBM of both materials we can deri
the surface band gap values, which are 2.46~60.15! eV for

FIG. 1. He I UPS~left! and IPES~right! spectra of CdS/CIGSSe~a!–~c! and
;20 nm i -ZnO/CdS/CIGSSe~d!–~f! after subsequent Ar1 sputter steps~50
nA/cm2, 50 eV, sputter times are given at the right ordinate!. The VBM and
CBM were determined by linear extrapolation of the leading edges.
resulting surface band gaps are given for each pair of spectra.
Downloaded 20 Apr 2004 to 131.216.43.86. Redistribution subject to AIP
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the CdS surface and 3.52~60.15! eV for the i -ZnO surface.
The latter is slightly larger than the generally accepted b
band gap@3.35 eV~Ref. 13!#. This discrepancy is attributed
to a fundamental problem of determining the correct (k re-
solved! VBM with UV photoemission due to a potential lac
of suitable photoemission final states at theG point ~see, e.g.,
Ref. 12 and references therein!. In the present case, we no
a significant pre-edge intensity in the ZnO valence ba
spectrum, which presumably contains the ‘‘true’’ VBM a
well as defect induced emission. The determination of
conduction and valence band offsets is done in two steps
the first step the CBM~VBM ! values of the CdS surface ar
compared with those of thei -ZnO surface. In a second ste
we consider changes of the band bending in the subs
~CdS/CIGSSe/Mo/glass! due to the interface formation pro
cess as well as band bending towards thei -ZnO surface~to-
gether henceforth called interface-induced band bendi!.
This requires at least one additional sample with a very t
i -ZnO film on the CdS layer. Comparing the core level li
positions of the CdS surface, the thini -ZnO overlayer, and
the thicki -ZnO film surface, we can compute the correctio
for the interface-induced band bending. To increase the d
reliability, we measured two thini -ZnO overlayers with a
nominal thickness of 3 and 5 nm, respectively.

A closer look at the thin samples also reveals that
CdS surface is modified during thei -ZnO sputter deposition
process. On the pristine CdS surface we find an oxidi
sulfur species (SOx with x.2, most likely SO4), as shown in
Fig. 2~a!. The oxidation is reduced after Ar1 sputter cleaning
@Figs. 2~b! and 2~c!# and also after the sputter deposition of
nm i -ZnO @Fig. 2~d!#. The i -ZnO sputter deposition proces
apparently removes surface adsorbates as well. Note
there is no trace of oxidized sulfur in the enlarged part
spectrumd, while the sulfur main line at 161.5 eV is quit
strong, which rules out any attenuation effects. In Fig. 2 a
a shift of the main S line can be observed. The shift betw
Figs. 2~a! and 2~b! is attributed to changes in bend bendin
due to the removal of the surface contaminations by the s

e

FIG. 2. S 2p XPS spectra of the CdS/CIGSSe surface before~a! and after
Ar1 sputter treatment~50 nA/cm2, 50 eV, sputter times are given at the righ
ordinate! ~b! and~c!, indicating oxidized sulfur at the surface. The spectru
of a 3 nm thini -ZnO layer on top of the CdS/CIGSSe structure~d! shows
the removal of SOx by the i -ZnO magnetron sputtering process.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ter treatment since no peak broadening is observed. The
in Fig. 2~d! is due to the interface-induced bend bendi
occurring after thei -ZnO deposition, which will be quanti
fied below.

By analyzing the positions of the respective conduct
band edges, we derive values of 0.52~60.10! and 0.50
~60.10! eV for the CBM of CdS andi -ZnO, respectively.
Thus, the first~approximative! step of our analysis deter
mines a vanishing conduction band offset. Also, the res
indicate that in both layers a significant separation betw
the Fermi energy and the CBM exists.

For the second step in determining the band alignm
we have quantified the interface-induced band bending
using different combinations of CdS andi -ZnO core level
lines (Cd 3d, S 2p, Zn 2p, Zn 3p, and O 1s). In total,
twelve different values were obtained, all of which lie with
0.12 eV. The average value is 0.12~60.10! eV, which arises
from a small downward shift of the electronic levels in Cd
due to the interface formation and a small downward shif
the ZnO levels with increasing thickness~band bending!.
Combining this interface-induced band bending correct
with the observed CBM values we derive a CBO of 0.
~60.15! eV, indicating that the band alignment is essentia
flat, with the CBM of thei -ZnO slightly above the CBM of
the CdS layer. For the VBO we find a value of20.96
~60.15! eV.

A complete picture of the band alignment at a real int
face should also include possible intermixing processes
fact, we have used a combination of PES, IPES, and SL2,3

x-ray emission spectroscopy~XES! to show that the band
alignment at the CdS/Cu~In,Ga!Se2 interface is strongly in-
fluenced by an intermixing of S and Se.8 In the present case
we have checked the attenuation behavior of the Cd 3d and
S 2p lines for different i -ZnO thicknesses and performe
XES measurements of thei -ZnO/CdS interface~not shown!,
but found no indication for intermixing processes.

The resulting band alignment is summarized in Fig.
We find a flat conduction band alignment and a correspo
ingly large VBO. Furthermore, we find that the used mag
tron sputtering process of thei -ZnO layer modifies the CdS
surface by removing surface oxides on the CdS which fo
during or after the fabrication process. The measurem
presented here show that the common picture of
i -ZnO/CdS band alignment, which suggests that the Fe
level is very close to the conduction band minimum of t
i -ZnO layer,3,14,15 is not valid for the materials and fabrica
tion processes applied here. Furthermore, the present re
together with our previous work on the CdS/CIGS
interface,9 indicate a predominantly flat conduction ban
alignment throughout the completei -ZnO/CdS/CIGSSe
sandwich structure. Hence it is of great importance to mod
existing models with significant conduction band offsets
Downloaded 20 Apr 2004 to 131.216.43.86. Redistribution subject to AIP
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order to achieve a better understanding of the electro
properties of CIGSSe thin film solar cell devices.

The authors gratefully acknowledge funding by the G
man BMWA ~FKZ 0329218C! and the DFG through SFB
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FIG. 3. Schematic diagram of the band alignment at thei -ZnO/CdS inter-
face. The VBM and CBM of the CdS andi -ZnO films ~as determined by
UPS and IPES! are shown on the left and right, respectively. The cen
shows the band alignment at the interface after taking the interface-ind
band bending into account.
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